ABSTRACT For more than a century, the lens has provided a relatively simple structure in which to study developmental mechanisms. Lens induction, where adjacent tissues signal the cell fate changes that result in lens formation, have been of particular interest. Embryological manipulations advancing our understanding have included the Spemann optic rudiment ablation experiments, optic vesicle transplantations as well as more contemporary work employing lineage tracers. All this has revealed that lens induction signaling is a multi-stage process involving multiple tissue interactions. More recently, molecular genetic techniques have been applied to an analysis of lens induction. This has led to the identification of signaling pathways required for lens induction and early lens development. These include the bone morphogenetic protein (Bmp) signaling pathways where Bmp4 and Bmp7 have been implicated. Though no fibroblast growth factor (Fgf) ligand has been implicated at present, the Fgf signaling pathway clearly has an important role. A series of transcription factors involved in early lens development have also been identified. These include Pax6, the Meis transcription factors, Six3, Mab21l1, FoxE3, Prox1 and Sox2. Importantly, analysis has indicated how these elements of the lens induction pathway are related and has defined genetic models to describe the process. It is a future challenge to test existing genetic models and to extend them to incorporate the tissue interactions mediated by the molecules involved. Given the complexity of this and many other developmental processes, a second century of analysis will be welcome.
Introduction
With Spemman's optic primordium ablation experiments of 1901, investigation of visual system development has auspicious beginnings. In 1901, the experimental advances of the time were the instruments used to perform embryological manipulations (Weaver and Hogan, 2001 ). These new instruments allowed tissue ablations and transplantations to define the interactions required for developmental processes. Spemann's work suggested that the optic vesicle was required for development of lens (Spemann, 1901) . However, even then, scientific controversies existed; it was only 2 years later that Mencl characterized a mutant salmon in which lenses but not retinas existed (Mencl, 1903) . Clearly, this suggested an alternative mechanism of lens development. Since then, many investigators have repeated Spemann's original experiment with varying results. In some cases lenses would form after optic primordium ablation, but in other cases, they would not. These different outcomes probably indicate that different species vary with respect to the timing of lens induction signaling (Servetnick et al., 1996) . Even today these experiments form an important backdrop as we try to understand the molecular basis of lens induction.
The embryological origin of the lens
The lens is derived from the head surface ectoderm of the vertebrate embryo (Fig. 1) . The first morphological sign of lens development is the formation of the lens placode. This structure is a thickened region of the head surface ectoderm immediately adjacent to the optic vesicle. The thickening of the lens placode occurs only after the optic vesicle has evaginated from the forebrain and made close contact with the surface ectoderm. The interaction between the optic vesicle and presumptive lens ectoderm is extremely strong and mediated by cytoplasmic extensions between the two tissue layers (McAvoy, 1980) . Subsequently there is a coordinated invagination of the lens placode and outer layer of the optic vesicle. This results in the formation of the lens pit and the optic cup. At this stage, the epithelium of the lens pit closest to the presumptive retina has begun to thicken in the first steps of lens fiber cell differentiation. In addition, the outer layer of the optic cup has folded back against the proximal layer of the optic vesicle to form the adjacent epithelia of the RPE and presumptive retina. Closure of the lens pit at the surface ectoderm results in formation of the lens vesicle. Thickening of the posterior epithelium of the lens vesicle continues as fiber cells differentiate and extend towards the lens epithelium. Clearly, the nature of eye development and, in particular, the close association between the optic vesicle and lens placode has suggested that the optic vesicle might have a critical role in lens induction.
Lens induction is a multi-step process
In recent times, embryological manipulations have become more sophisticated than the early efforts pioneered by Spemann, and have defined multiple stages in the lens induction process. In particular, the group of Robert Grainger has been able to define at least four stages in lens development Grainger, 1996) . These correspond to a period of lens-forming competence (Servetnick and Grainger, 1991) in the mid/late gastrula ectoderm, the acquisition of a lens-forming bias throughout the head ectoderm during neurulation (Grainger et al., 1997) , specification of lens cell fate towards the end of neurulation, and differentiation, an aspect of lens development which continues throughout life (Grainger, 1992) . While the definition of these stages are described in more detail in another chapter of this volume (Sullivan et al., 2004) it is worth noting that one of the current challenges is to mesh the embryological and molecular genetic definitions of lens induction.
Induction genes become differentiation genes
While this review emphasizes the early steps in lens development, a large body of experimental work has shown us that many of the developmental pathways critical for lens induction are also critical for later stages of lens development. For example, the Fgf signaling pathway is involved both in inductive signaling (see below) and in the regulation of lens fiber cell differentiation (McAvoy et al., 1999) .
It is also the case that some transcription factors critical for induction have later roles in differentiation. For example, in the mouse, Pax6 is required for lens induction, but also activates αB-crystallin later in lens development (Piatigorsky, 1998) . There are also emerging links between induction genes like Pax6, transcription factors that are genetically downstream (like the Mafs and Prox1) and the regulation of differentiation genes like the crystallins (Cui et al., 2004) . Increasingly therefore, we will have the opportunity to draw a continuous developmental pathway from lens induction to lens function.
Pax6 gene function and regulation

The Pax6 gene
The role of the Pax6 gene in eye development has been thoroughly investigated over a number of years. Pax6 function is critical for eye development as indicated by the absence of eyes in humans, mice, and flies that carry loss of function mutations in Pax6 (Hill et al., 1991; Glaser et al., 1992; Jordan et al., 1992; Quiring et al., 1994) . In vertebrates, Pax6 is expressed in a variety of tissues including those that participate in the early phases of eye development. Pax6 is first expressed in the anterior neural plate region that will eventually give rise to the retina (Grindley et al., 1995) . Somewhat later, Pax6 is also expressed in a broad region of the head surface ectoderm including the domain that gives rise to the lens. While Pax6 expression is retained in the presumptive retina and the retinal pigmented epithelium as the optic cup develops, the domain of expression in the surface ectoderm becomes restricted to the region of the lens placode and the surface ectoderm immediately surrounding. The expression level of Pax6 increases in the lens placode after close contact with the optic vesicle (Grindley et al., 1995) .
Pax6 loss-of-function mutations have indicated a critical role for Pax6 in eye development, but in addition, gain-of-function experiments have revealed a remarkable activity in precipitating all of the events required for development of this complex structure.
In the first experiment of this type, the Gehring lab demonstrated that misexpression of Drosophila Pax6 (the eyeless gene) could result in the formation of ectopic eyes in multiple locations (Halder et al., 1995) . It was shown that this activity was evolutionarily conserved in that both fly and mouse Pax6 could induce ectopic eye formation. This observation was a very powerful argument to suggest that Pax6 occupied the apex of a genetic hierarchy that regulates eye development. In the holometabolous insects, the situation turned out to be slightly more complex in that there are two orthologues of Pax6 called eyeless and twin of eyeless (Czerny et al., 1999) . These two genes are very closely related and both have the ability to induce ectopic eyes. This has suggested an adaptation in which this group of organisms has duplicated a primordial Pax6 gene and subsequently the two genes have shared duty. A similar situation is also observed in Zebrafish where the duplicated Pax6.1 and Pax6.2 genes are expressed in distinct but overlapping domains (Nornes et al., 1998) . In this case, gene duplication is probably a consequence of a much larger partial genome duplication.
Experiments performed in Xenopus leavis have shown that Pax6 can induce ectopic eyes in a vertebrate (Chow et al., 1999) .
Such ectopic eyes form only in the head region, perhaps because there is a restricted domain of eye competent ectoderm in the early Xenopus embryo (Servetnick and Grainger, 1991) . Remarkably, ectopic eyes contain all the mature cell types that might be expected, including a selection of appropriately laminated mature retinal neurons, cells of the retinal pigment epithelium as well as those of the lens. The importance of Pax6 for the induction of ectopic eye structures has been confirmed by experiments in which different combinations of presumptive eye region genes were misexpressed in Xenopus (Zuber et al., 2003) . The ability of Pax6 to induce ectopic eyes in both invertebrates and vertebrates has suggested an evolutionarily conserved function at the apex of a genetic hierarchy controlling eye development (Callaerts et al., 1997) .
Pax6 is necessary and sufficient for lens development
A number of experiments indicate that Pax6 has a critical, autonomous function in development of the lens. In the first of these, tissue recombination experiments were performed using wild type and Pax6 mutant (small eye) optic vesicle and presumptive lens ectoderm (Fujiwara et al., 1994) . It was shown that a combination of wild type optic vesicle and wild type presumptive lens would, as expected, result in lens formation. Similarly, recombining small eye optic vesicle and wild type presumptive lens ectoderm also resulted in lens formation. By contrast, recombining wild type optic vesicle with small eye presumptive lens ectoderm failed to give lens formation (Fujiwara et al., 1994) . This indicated that lens development required Pax6 function in the surface ectoderm but not the optic vesicle.
A similar conclusion can be drawn from experiments in which wild type/small eye chimeric mice were generated (Quinn et al., 1996; Collinson et al., 2000) . In this circumstance it was observed that small eye mutant cells did not contribute to the lens placode at E9.5 or subsequently to the differentiating lens. The selective aggregation of wild type cells in these chimeric mouse experiments also suggested that Pax6 may have an important role in regulating the adhesive interactions. In the most direct demonstration of the requirement for Pax6 in lens development a floxed allele of the Pax6 gene was conditionally deleted in the lens placode (AsheryPadan et al., 2000) . This experimental strategy resulted in a failure of lens development beyond the placode stage. Interestingly, although the retina was misshapen, retinal neuron differentiation and lamination occurred normally.
Gain-of-function experiments have also indicated a central role for Pax6 in lens development. If the experimental conditions used to generate ectopic eyes in Xenopus laevis are modified slightly, the result is induction of ectopic lenses at high-frequency (Altmann et al., 1997; Chow et al., 1999) . These lenses express lens-specific markers such as β-crystallin and many have the polarized morphology of a normal lens. In some experiments, remarkably, ectopic lenses are perfect mimics of the endogenous lens in size, morphology and marker expression. Interestingly, lineage tracing studies indicate that these ectopic lenses are a results of the cell autonomous activity of Pax6 (Altmann et al., 1997; Chow et al., 1999) . These lenses also form in the absence of any retinal tissue.
Combined, gain-and loss-of-function experiments indicate that
Pax6 is necessary and, in the context of the Xenopus embryo, sufficient for development of the lens.
Pax6 expression in the lens lineage is controlled by at least two enhancers
The important role of Pax6 in many developmental processes, as well as its complex expression pattern, has motivated analysis of transcriptional regulation. The identification of transcription control elements in Pax6 has rested on the simple strategy of sequence alignment to identify conserved regions and functional assessment using transgenic reporter constructs (Williams et al., 1998; Kammandel et al., 1999; Xu et al., 1999) . If long-range sequence alignments are generated to compare the mouse and human Pax6 genes, it immediately becomes apparent that transcriptional regulation of this gene is complex. Indeed, there are upwards of 40 highly conserved, non-coding sequence regions in Pax6 (see trafac.cchmc.org).
A number of these conserved regions have transcriptional enhancer activity. Approximately 3.5kb upstream of the P0 promoter in Pax6, there is a highly conserved region of 340 base pairs that has activity as a lens lineage enhancer (Williams et al., 1998; Kammandel et al., 1999; Xu et al., 1999) . This region has been designated EE for ectoderm enhancer. When incorporated into a reporter transgene, the EE gives expression in the developing lens placode and adjacent ectoderm starting at E8.75 in the mouse (Williams et al., 1998; Kammandel et al., 1999; Xu et al., 1999) . Subsequently, the EE has activity in the entire lens vesicle but beyond E11.5 is restricted to the lens epithelium and the epithelia of the lacrimal gland and conjunctiva (Williams et al., 1998; Kammandel et al., 1999; Xu et al., 1999) .
The lens lineage enhancer designated SIMO was identified in a more roundabout and interesting way. The van Heyningen group was examining the nature of mutations in Aniridia patients and found a translocation break point situated 3' to the last exon of Pax6 (Kleinjan et al., 2001) . Upon further investigation it was shown there were several highly conserved regions of sequence just distal to the translocation breakpoint. Testing of these regions in transgene reporter constructs indicated that one of them, the SIMO element, had activity in the lens lineage (Kleinjan et al., 2001) . While this has not been tested directly, there is a good possibility that SIMO and EE work cooperatively to give the full breadth and level of Pax6 expression in the presumptive lens region (Treisman and Lang, 2002; Lang and McAvoy, 2003) .
There are two phases of Pax6 expression
Straightforward expression analysis for Pax6 in Pax6 Sey1Neu homozygotes has indicated that there are two distinct phases of Pax6 expression in the presumptive lens ectoderm of the mouse embryo (Grindley et al., 1995) . The Pax6 Sey1Neu allele is a point mutation that still permits gene transcription but does not permit production of functional protein (Grindley et al., 1997 ). An assessment of Pax6 gene expression on this mutant background indicates that expression of Pax6 in the head surface ectoderm is retained but that expression in the lens placode (designated Pax6 placode ) is lost (Grindley et al., 1995) . This indicates that there are two distinct phases of Pax6 expression and that the later constitute the first steps in a genetic pathway describing lens induction in the mouse (Fig. 2) . For the reasons indicated above, it is likely that EE and SIMO work in concert to give Pax6 placode .
The EE is required for normal development of the lens
To assess the role of the EE in development of the lens, gene targeting experiments were carried out in which the entire EE was deleted. Homozygous EE deletion mice showed abnormal lens development ). The lens placode was thinner than normal in mutant mice though this occurred primarily on the nasal side of the structure. Proliferation of presumptive lens cells was also diminished, and, at all stages of development lens structures were smaller than in wild type mice. Consistent with the Peters' anomaly observed in some cases of Pax6 heterozygosity, EE homozygous mice showed a persistent lens stalk and a failure of the lens vesicle to separate from the surface ectoderm. At E9.5 interestingly, Pax6 immunoreactivity could still be detected in the lens placode though it was very much reduced on the nasal side. When combined with reporter construct analysis this suggests that the function of the EE is to promote Pax6 expression primarily on the nasal side of the lens placode. The observation that deletion of the EE does not block lens development completely is consistent with the idea that at least one additional enhancer, perhaps the SIMO element (Kleinjan et al., 2001) , is required for the full level of Pax6 expression in the lens placode (Fig. 2) . It will be very interesting to compare the phenotype of a SIMO enhancer deletion mouse with that of the EE deletion.
Pax6 lens enhancers may be regulated by Meis transcription factors
The mammalian Meis family transcription factors have recently been implicated in early development of the lens. The Meis family are TALE-class homeodomain transcription factors (Burglin, 1997) and homologues of the homothorax gene of Drosophila (Bessa et al., 2002) . Meis binding sites have been identified in the ectoderm enhancer of Pax6 (Zhang et al., 2002) and this has suggested that Pax6 may be regulated in vivo by this class of transcription factor.
The experimental evidence for this suggestion includes, (1) immunoidentification of Meis in a complex with EE probes in mobility shift assays, (2) transgenic mice showing that the activity of EE is dependent upon Meis binding sites, (3) a genetic interaction between a Meis2 transgene and the Pax6 Sey1Neu allele, and (4) the demonstration that suppressor forms of Meis1 can down-regulate Pax6 expression when transiently expressed in the lens placode (Zhang et al., 2002) . More recently, it has been shown that a Meis1 null mouse has defects in the lens, albeit mild and at a late stage of development (Hisa et al., 2004) .
Given the likelihood that at least two enhancers regulate Pax6 expression in the lens placode (Fig. 2) , the observed absolute regulation of Pax6 by Meis transcription factors (Zhang et al., 2002) requires that they function at both the EE and SIMO elements (Lang and McAvoy, 2003) . Identification of Meis binding sites in the SIMO element is of great interest, but further experimentation will be required to precisely define the molecular genetics of this interaction. In particular, it will be very interesting to further analyze the eye phenotypes that arise in mice that are null or conditionally targeted for the combinations of the Meis genes (Zhang et al., 2002) . Since expression of the Meis genes is independent of Pax6, they are best incorporated into the model for genetic regulation of lens induction as an input upstream of both the EE and SIMO elements (Fig. 2) .
Signaling pathways involved in lens induction
Bone morphogenetic proteins have important roles in lens development
The bone-morphogenetic proteins Bmp4 and Bmp7 are both proposed to have important roles in early development of the lens. Bmp4 and Bmp7 are expressed in the early eye tissues and have overlapping expression patterns (Dudley and Robertson, 1997; Furuta and Hogan, 1998; Wawersik et al., 1999) . Bmp7 is expressed in the presumptive lens ectoderm and presumptive RPE as well as the dorsal optic vesicle. Expression of Bmp7 in the presumptive lens tissue ceases at about E11.5. Deletion of the Bmp7 gene results in variably penetrant eye development defects that range from mild microophthalmia to anophthalmia (Dudley et al., 1995; Luo et al., 1995) . The lens placode fails to form in severely affected animals and interestingly, the expression of Pax6 in the lens placode is lost (Wawersik et al., 1999) . This has indicated that Bmp7 is genetically upstream of the enhancers that control Pax6 expression in the lens placode (Fig. 2) .
While homozygous Bmp4 mutant embryos do not survive past E10.5, lens formation from the presumptive lens ectoderm of null mutants can be rescued by recombining them with wild type optic vesicles in explant culture (Furuta and Hogan, 1998) . This indicates that Bmp4 expression in the presumptive lens ectoderm is not required for lens development. Explantation of eye rudiments from Bmp4 null mice in the presence of recombinant Bmp4 also resulted in rescue of lens formation (Furuta and Hogan, 1998) . However, recombinant Bmp4 was not sufficient to rescue lens formation when presumptive lens ectoderm from null mice was explanted. Combined, these data suggested that Bmp4 had to act in concert with at least one additional signal if lens development was to proceed. Interestingly, the absence of Bmp4 does not affect expression of Pax6, but does prevent the normal up-regulation of Sox2, an Sry-related transcription factor normally expressed in both presumptive lens and retina (see below). Combined with other information, this has suggested that Bmp4 and Sox2 may function in a parallel branch of the lens induction pathway (Fig. 2) . This also suggests, despite the overlapping expression patterns, that Bmp4 and Bmp7 may have non-redundant functions in early eye development. The demonstration that Pax6 and Sox2 form a complex in the regulation of crystallin genes (Kamachi et al., 2001) has indicated that these pathways may combine to regulate later steps in lens fiber cell differentiation.
FGF receptor signaling is required for lens induction
The Fgf signaling pathway has important functions at multiple stages of eye development. For example, Fgf signaling is both necessary and sufficient for differentiation of lens fiber cells according to loss-and gain-of-function experiments (McAvoy et al., 1991; McAvoy et al., 1999; Lang and McAvoy, 2003) . More recently, we have understood that Fgf receptor activity has an important role to play in the inductive phases of lens development.
Explantation of eye primordia in the presence of a smallmolecule inhibitor of the Fgf receptor kinase activity results in reduced levels of Pax6 in the lens placode .
Given the critical role of Pax6 in lens development, this has suggested that Fgf receptor activity lies upstream and is a lens induction factor. When a dominant-negative FgfR1 is expressed in the presumptive lens, early defects in lens placode formation and lens pit invagination are apparent. Importantly, Pax6 expression levels were reduced . Genetic evidence of a lens induction function for Fgf receptor activity was pursued by determining whether Bmp7, an established lens inducer (Wawersik et al., 1999) might cooperate with Fgf receptor activity. Indeed, crosses between Bmp7 null (Dudley et al., 1995) and Tfr7/Tfr7 mice (transgene homozygotes expressing a dominant-negative FgfR1 in the lens placode) produced compound genotype mice with more severe lens development defects ). In particular, Tfr7/Tfr7, Bmp7 +/-mice showed a very small lens pit and failed to separate and close the lens vesicle. In addition, Pax6 expression levels in the lens placode were at the lowest levels in Tfr7/Tfr7, Bmp7 +/-mice, and at intermediate levels (compared with wild-type) in Tfr7/Tfr7 mice ). This indicated that Bmp7 and Fgf receptor signaling converge upstream to give a full level of Pax6 expression in the placodal phase (Fig. 2) . Though there have been some good candidates (McWhirter et al., 1997; Lovicu and Overbeek, 1998; Vogel-Hopker et al., 2000) , the identity of the Fgf receptor ligands required for lens induction remains unclear.
Transcription factors genetically downstream of Pax6 FoxE3
Foxe3 is a transcription factor of the forkhead class that in mice has a very limited expression range in the developing neural tube and lens (Blixt et al., 2000; Brownell et al., 2000) . In humans, mutations in FOXE3 are associated with anterior segment ocular dysgenesis (Semina et al., 2001 ). In the mouse, expression of FoxE3 begins at E8.75 in the presumptive lens ectoderm (Brownell et al., 2000) and represents a sub-domain of Pax6-positive presumptive lens ectoderm. This spatial relationship between FoxE3 and Pax6 expression domains continues through E9.5 (when the lens placode has formed), and E10.5 when the lens pit is invaginating. The dysgenetic lens (dyl) mouse carries mutations in FoxE3 (Blixt et al., 2000; Brownell et al., 2000) . This results in a failure of lens vesicle closure and separation, as well as reduced proliferation in lens epithelial cells (Blixt et al., 2000; Brownell et al., 2000) . The expanded expression domain of Prox1 in the lens epithelium of the FoxE3 dyl/dyl mouse (Blixt et al., 2000) has suggested that in this location, FoxE3 is a suppressor of Prox1 (Fig.   3 ).
In the Pax6 Sey/Sey background it has been shown that FoxE3 expression is absent, (Brownell et al., 2000) thus suggesting that FoxE3 is genetically downstream of Pax6 (Fig. 3) (Brownell et al., 2000) . The phenotypic resemblance of the dyl mouse with those in which the Pax6 upstream ectoderm enhancer had been deleted ) prompted an examination of a possible genetic relationship. In situ hybridizations for FoxE3 in Pax6 ∆EE/∆EE embryos (that carry a homozygous deletion of the ectoderm enhancer) revealed that FoxE3 expression was undetectable ). This indicated that FoxE3 is located downstream of the placodal phase of Pax6 expression in a genetic pathway regulating lens development (Fig. 2) .
Sox2
It is likely that Bmp4 functions in lens induction in a pathway that involves the transcriptional regulator Sox2. Sox2 is an HMG box transcription factor related to the sex-determining factor SRY (Kamachi et al., 1995) . Sox2 and family members Sox1 and Sox3 have been implicated in lens development through their expression patterns and through their regulation of crystallin genes (Kamachi et al., 1995; Kamachi et al., 1998) . In particular, Sox2 is known to regulate δ-crystallin expression in the chick in a complex with Pax6 (Kamachi et al., 2001) . Thus, the observation that Sox2 expression downstream of Pax6 pre-placode and participates with Bmp4 in the proposed parallel pathway (Fig. 3) . It is likely that currently unpublished work examining the requirement for different Bmp receptors in lens induction will help refine our understanding of Bmp4 involvement in lens induction.
Mab21l1
The Mab21l1 gene from mouse is the orthologue of mab-21 from C. elegans (Mariani et al., 1998; Mariani et al., 1999; Yamada et al., 2003) . Interestingly, in the worm, mab-21 is in the same genetic pathway as mab-18, the orthologue of vertebrate Pax6 (Zhang and Emmons, 1995) . Supporting the idea that Pax6 and Mab21l1 might participate in the same developmental processes is the observation that like Pax6, Mab21l1 is expressed in the eye primordium (both presumptive lens and retina) from an early stage (Mariani et al., 1998; Yamada et al., 2003) . In particular, Mab21l1 expression is up-regulated at approximately E9.5, thus suggesting it might be responsive to lens induction signals (Yamada et al., 2003) .
Recently, generation of a Mab21l1 null mouse has suggested that Mab21l1 has an important functional role in lens development. The Mab21l1 null mouse displays lens development defects (in the form of lens placode invagination failure) from E9.5 and this results in a dramatic microophthalmia (Yamada et al., 2003) . Examination of Mab21l1 expression in Pax6 Sey/Sey mice indicated a failure of the normal up-regulation at E9.5. This suggested that Mab21l1 was genetically downstream of Pax6. Detection of FoxE3 and Pax6 expression in the Mab21l1 null mutant indicated that Pax6 expression was normal, but that FoxE3 expression was absent at E9.5 (Yamada et al., 2003) . Combined, these data suggest that Mab21l1 lies between the placodal phase of Pax6 expression and FoxE3 in the model for genetic regulation of lens induction (Fig. 2) . This analysis suggests that there is a direct analogy between the mab-21,-mab-18 pathway in the worm and the Pax6, Mab21l1 pathway in the mouse (Yamada et al., 2003) .
Six3
Six3 is a member of the six-homeodomain family of which Drosophila sine oculis is the founding member (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) . Six3 was first implicated in lens development by its expression pattern. In mice, Six3 is expressed in the lens epithelium during differentiation stages but is first expressed in the lens placode (Oliver et al., 1995) . In Medaka, the expression pattern is somewhat distinct as it is present in the presumptive lens ectoderm but is down-regulated in the lens placode prior to lens differentiation (Loosli et al., 1998) . As in the mouse, chick Six3 is expressed in the presumptive lens ectoderm overlying the optic vesicles but persists in the lens placode and is later localized to the lens epithelium (Bovolenta et al., 1998) . Functional evidence for Six3 involvement in lens induction came initially from misexpression studies that resulted in the formation of ectopic lenses in Medaka (Oliver et al., 1996) . In contrast to Pax6-induced ectopic lens formation in Xenopus, Six3-induced ectopic lenses appeared to arise as a result of the transformation of the otic vesicle (Oliver et al., 1996) . In addition, lineage tracing experiments revealed that Six3 could direct ectopic lens formation in a cell nonautonomous manner. This led the authors to speculate that Six3 misexpression may induce a soluble factor that changed the bias of the otic placode towards a lens fate (Oliver et al., 1996) . (Fig. 3 ). When combined with the observation that Sox2 is also not up-regulated in the usual way in Pax6 Sey/Sey embryos (Furuta and Hogan, 1998) , we can suggest that Sox2 is
There is now evidence to indicate that Six3 and Pax6 mutually activate at the transcriptional level (Ashery-Padan et al., 2000; Goudreau et al., 2002) . As mentioned above, lens placode-specific conditional deletion of a floxed allele of Pax6 results in lens development failure (Ashery-Padan et al., 2000) . An assessment of marker gene expression in these animals indicates that Six3 expression is lost. Furthermore, it has been shown that an α-crystallin promoter-Six3 transgene can up-regulate Pax6 expression and rescue the lens defects that arise in Pax6 lacz/+ mice (Goudreau et al., 2002) . When combined with biochemical experiments showing that Six3 binding sites are located in the Pax6 ectoderm enhancer and that Pax6 binding sites are found in the Six3 gene (Goudreau et al., 2002) , this has suggested that Pax6 and Six3 can mutually transactivate. This information can be incorporated into the genetic model for mouse lens induction (Fig. 3) . A direct assessment of the role of Six3 in lens development, and its ability to feedback positively on Pax6, will come from conditional deletion of a floxed allele in the lens placode.
Prox1
Prox1 is a vertebrate homologue of Drosophila prospero that encodes a divergent homeodomain protein (Tomarev et al., 1998) .
It is expressed in the presumptive lens and retina in the mouse from an early stage of development. Generation of Prox1 null allele in the mouse revealed that this transcription factor is essential for the differentiation of lens fiber cells (Wigle et al., 1999) . Interestingly, there is now evidence from both Drosophila (Knoblich et al., 1995; Spana and Doe, 1995) and mouse (Duncan et al., 2002 ) that prospero and Prox1 change their sub-cellular localization at the developmental stage when their activity is critical.
Two analyses allow us to place Prox1 within the model for genetic regulation of lens induction. First, it has been shown that when Pax6 is conditionally deleted from the lens placode, Prox1 expression in this location is lost (Ashery-Padan et al., 2000) . Furthermore, In the dysgenetic lens mouse that carries a mutation in FoxE3, Prox1 expression in the lens epithelium is up-regulated. Combined, these data suggest that Prox1 lies genetically downstream of Pax6 placode and that FoxE3 is normally responsible for suppressing Prox1 expression (Fig. 3) . It remains to be determined whether these interactions represent many steps or whether there is the possibility of direct transcriptional regulation.
Speculation: is Pax6 auto-regulation the result of MAPKmediated activation?
Genetic analysis has indicated that Pax6 autoregulates. Specifically, we understand that the placodal phase of Pax6 expression is dependent upon functional Pax6 protein in the head ectoderm ( (Grindley et al., 1995) ; Figs. 2,3) . Recent analysis has suggested that this genetic relationship may be the result of a direct regulatory interaction in which Pax6 binds to the EE and activates Pax6 (Aota et al., 2003) . The evidence for this comes from mobilityshift assays in which, through its paired domain, Pax6 can bind specifically to EE sequences and transfection experiments in which an EE-dependent expression construct is activated by Pax6 (Aota et al., 2003) . However, if Pax6 placode is directly regulated by Pax6 pre-placode , a problem arises in explaining how the two phases of expression are ever distinct. Two obvious possibilities are that the level of expression distinguishes these two phases or that another input is required. For example, there are no doubt many transcription factors that could function cooperatively with Pax6 at the EE (possibilities are Meis proteins (Zhang et al., 2002) , Sox2 or 3 (Aota et al., 2003) or Six3 (Goudreau et al., 2002) ).
However, another mechanistic possibility has been raised by analysis indicating that Pax6 can be activated post-translationally (Mikkola et al., 1999) . The transactivation domain of Zebrafish Pax6 has a series of potential phosphorylation sites. Of these, serine 413 (Ser 413 ) is evolutionarily conserved from sea urchin to man. Interestingly, Ser 413 can be phosphorylated in vitro by the mitogen activated protein kinases (MAPKs), extracellular-signal regulated kinase (ERK) and p38 kinase but not Jun N-terminal kinase (JNK). Mutation of Ser 413 to appear similar to a phosphorylated residue enhances the transactivation potential of Pax6. Similarly, mutation of Ser 413 to a residue that is the antithesis of a phophorylated side chain limits transactivation (Mikkola et al., 1999) . Finally, in NIH3T3 cells, it can be shown that Ser 413 phosphorylation occurs in response to serum stimulation, a condition that activates the MAP kinases, and that this phosphorylation can by prevented by the MAP kinase inhibitor PD 98059 (Mikkola et al., 1999) .
It has clearly been shown that the Fgf signaling pathway is required for lens induction. The Fgf pathway includes, as one of its signaling arms, the Ras-Raf-MAP kinase pathway (Goldfarb, 2001) . When combined with the observation that MAP kinases can enhance Pax6 transctivation, we can propose that the placodal phase of Pax6 expression is the result of Fgf pathway-MAP kinase mediated activation of Pax6 that is available from Pax6 pre-placode (Fig. 4) . This proposal is entirely consistent with genetic analysis suggesting that the Pax6 and Fgf pathways converge upstream of Pax6 placode . While this can explain all of the currently available data, there is clearly much experimental work required for a close examination of this potential developmental mechanism.
